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We analyse models of inflation in which isocurvature perturbations present during inflation are 
converted into the primordial curvature perturbation during instant preheating. This can be due to 
an asymmetry between the fields present either during inflation or during preheating. We consider 
all the constraints that the model must satisfy in order to be theoretically valid and to satisfy 
observations. We show that the constraints are very tight in all of the models proposed and special 
QQ , initial conditions are required for the models to work. In the case where the symmetry is strongly 

' broken during inflation the non-Gaussianity parameter /jvl is generally large and negative. 

o ■ 

^ , PACS numbers; 98.80.Cq 

o 

2^ ' During multiple field inflation there are two types of perturbations present. The perturbations parallel to the 
background trajectory are adiabatic perturbations, while those perpendicular are isocurvature perturbations. Various 
' methods of converting the inflationary isocurvature perturbations into the primordial curvature perturbation have 
been considered. Here we consider instant preheating, a very fast and efficient method of converting the inflaton fields 
into radiation at the end of inflation [l| . If there is an asymmetry between the fields either during slow- roll inflation, 
or during instant preheating then this can convert the initial isocurvature perturbation into the primordial curvature 
perturbation. Several specific models for doing this have been proposed in the literature 0, 0, 0, H, @1 ■ However the 
O ' parameter constraints have in most cases not been calculated and we show that it is not easy to realise this scenario. 
^ Specifically we require three key conditions to be simultaneously satisfied, that the primordial curvature perturbation 
is of the required amplitude to match observations, that is is generated from the inflationary isocurvature perturbation 
and that instant preheating is efficient so that this scenario is valid. We show that satisfying all of these conditions 
requires special initial conditions tuned so that the background trajectory is nearly parallel to one of the scalar field 
\ axes throughout inflation. For each of the models we also calculate the other observable quantities such as the spectral 
index and amount of non-Gaussianity in the allowed region of parameter space which we show can be large. 

We use the simple quadratic potential of multiple field chaotic inflation, but include the effects of the isocurvature 
, perturbations during inflation. After introducing some notation and formula in the next section we introduce instant 
' preheating in Sec. |TT] and discuss how this can be used to convert the inflationary isocurvature perturbations into 
the primordial curvature perturbation. We then discuss three specific models, nearly symmetric inflation in Sec. IIIIl 
highly non-symmetric inflation in Sec. IIVI and symmetric inflation followed by non-symmetric preheating in Sec. IVl 
\ Finally we draw our conclusions in Sec. I VII with a general discussion of the reason why it is hard to make these 
. models work and the reasons for the tuning of the initial conditions that we require. We also summarise the future 
^ ' observations that can distinguish between or rule out these models. 

H I. BACKGROUND THEORY 

To give rise to the observed anisotropics in the microwave background sky and large-scale structure in our Universe 
today, the scalar field perturbations during inflation must produce density perturbations in the radiation dominated 
era after inflation. These primordial perturbations are usefully characterised in terms of the dimensionless density 
perturbation on spatially-flat hypersurfaces. For linear perturbations we define 

C = -^. (1) 

P 

This is equivalent to the perturbed expansion, 5N — H6t, up to a uniform-density hypersurface some time after 
inflation. 
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Because we are interested in perturbations on scales very much larger than the Hubble scale, the local expansion, 
N, is given in terms of the background solution for the local values of the scalar fields on an initial spatially-flat 
hypersurface during inflation. This is known as the "separate universes" approach Thus for one or more scalar 
fields, (/)/, during inflation, we have [1, Q 

(-^^^^■^ 

We treat the fields as uncorrelated at Hubble-exit, which is valid to at least first-order in slow roll [13, [lH, and use 
= Vij)-^ = 7^02 = (^*/(27''))^ . The power spectrum of primordial density perturbations ( can be written as a sum 
of contributions from the power spectra of individual fields. 




This can then be split into a contribution from inflaton perturbations, Sa, and the orthogonal isocurvature perturbation 
during inflation Sx 




Lyth and Rodriguez [12] have pointed out that the extension of this result to second-order also allows one to 
calculate the non-Gaussianity of primordial perturbations due to the non-linear dependence of the expansion after 
Hubble exit on the initial field values. In the case that a single field direction x generates the primordial curvature 
perturbation the local non-linearity parameter defined by C = Cg + S/S/wlCg given by 

where is the linear, Gaussian part of the curvature perturbation and = dN/{dx*) etc. 

Non-Gaussianity from adiabatic field fluctuations in single-field inflation are small (first-order in slow-roll parameters 
p^ ) and remain small at Hubble exit for multiple field inflation [T^ . In most cases the curvature perturbation remains 
nearly Gaussian during slow-roll inflation [l^, [3, [H, t>ut for a special trajectory in some models it can become 
large [2^. In this paper we only consider fields with a canonical kinetic term. In models of inflation with non-canonical 
kinetic terms (such as k-inflation or Dirac-Born-Infeld inflation) the scalar field fluctuations at Hubble exit may be 
strongly non-Gaussian, see for example [2ll. [2^. [23l. [2^ . 



A. Generating the primordial curvature perturbation 

We will consider three models for generating the curvature perturbation from preheating. We can classify them 
according to how they break the symmetry of the inflaton fields cither before or during preheating. All the models 
we will consider, when specialising to the case of two fields, have the potential and interaction lagrangian given by 

1^(01,02) - \ {ml4>l+ml4>l) , (6) 

Ant = \{gl4>l + gl4>l)i^^- (7) 

If there is complete symmetry between the field both during and after inflation (i.e. if m = mi = m2 and g ^ gi ~ 52) 
then only the adiabatic perturbations affect the expansion history of the universe at first order. The background 
trajectory will be a straight line going through the minimum of the potential. In this case the power spectrum of the 
fluctuations will be given by Q 

where ~ 60 is the number of e-foldings from Hubble exit during inflation till the end of inflation. Given the COBE 
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normalisation, Vq ~ 2 x 10~^ 0, H^, then for m ~ 10~^Mpi fluctuations in the inflaton field produce primordial 
density perturbations of the observed magnitude. On the other hand for m < 10~^Afpi the inflaton perturbations are 
below the observational bound and we would require an additional contribution from isocurvature perturbations to 
generate the primordial density perturbations. The primordial density perturbations due to inflaton fluctuations will 
have the spectral tilt — f ~ —0.03. 

If the symmetry between the two inflaton fields is broken either during inflation, by having unequal mass terms, 
or after inflation by having unequal couplings to the preheat field then the isocurvature perturbations, which arc in- 
evitably present during inflation with more than one light scalar field, may be converted into a curvature perturbation. 
We will consider in depth three different models for breaking the symmetry between the two fields. 

The first two models we consider break the symmetry during inflation, mi ^ but have symmetric preheating 
gi = g2- In one model thepotential is nearly symmetric, mi ~ m2 01 while in the second model there is a strong 
mass hierarchy mi 3> m2 [j]. In the final model we will consider the potential is symmetric, mi = m2 but there is a 
strong symmetry breaking after inflation, gi <^ g2 01- 

For each model we will find the parameter values required so that the model satisfies observations. Specifically we 
require 

• The inflationary isocurvature perturbations generate the primordial curvature perturbation. 

• Instant preheating is effective, p^,/ Pa ~ 

• The power spectrum satisfies the COBE normalisation, T'^ = 2 x 10"*^. 

• The non-Gaussianity is not too large, \ fNL\ < 100. 

Assuming that the inflationary adiabatic perturbations are negligible the curvature perturbation generated during 
instant preheating from the inflationary isocurvature perturbations (in the spatially flat gauge) is given by Q 

C = a , (9) 

where a is a dimensionless quantity of order unity. If the lo particles are massive non-relativistic particles then 
a = 1/3, while if the u) particles are light and act like radiation then a= 1/4. 



II. INSTANT PREHEATING 



We will consider a model of instant preheating at the end of inflation where the inflaton fleld's energy density can 
be transferred to a preheat field during the first oscillation of the inflaton field [l|. This simplifies the calculation of 
particle production as a function of the initial field values, making it possible to estimate analytically the effect on 
preheating of the isocurvature perturbations during inflation. 

In this scenario the preheat particles ■(/' are created through an interaction term with the inflaton field a 

Ant=-^,9VV^ (10) 

during a brief period around cr = 0, when the effective mass of the -0 particles are at their minimum. Here we are 
assuming the effective mass of the -0 particles is negligible. We use the notation a for the inflaton field in order to 
be general (see Sec. |V|, if there are several fields of equal mass then the adiabatic field cr effectively acts as a single 
inflaton field. The energy density in the ■i/'-field is then "fattened" by the coupling to the inflaton field as a rolls back 
up the potential because of their effective mass, m| = g^cr^. Through a Yukawa interaction Xipuju; the preheat field 
can then decay into lo particles, decaying most rapidly when the tp particles reach their maximum effective mass, as 
the inflaton field reaches its maximum. Depending on the coupling constants this process may be so efficient that all 
further decay of the inflaton field can be neglected [J, [l^l ■ 

Particle creation in the preheat field first occurs when the adiabatic condition fails, |to^| = m^, shortly before 
the inflaton first passes through its minimum. Denoting this time with a "0", so that e.g. (Jq ~ o-{to), the adiabatic 
condition is broken when 

l^o| = kop5- (11) 

Numerically we find Jcto| — m$, where $ ~ O.OTMp; would be the amplitude of the first oscillation of the inflaton field 
after slow roll ends [l|, if there was no transfer of energy to the preheat field. This result follows from conservation 
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of energy if we neglect the Hubble expansion, which is justified because the oscillation of the field occurs on a shorter 
timescale than the Hubble scale. 

The time interval during which particle creation takes place is 

After the inflaton field has passed through the origin for the first time the occupation number of the field with 
wavenumber fc is [ij 

rife = exp {-nAtlk^) . (13) 
This formula can be extended to the case where the ip particles have a bare mass, the more general result is then 

ana 

rifc = exp {-nAtl (fc^ + b,,,)) . (14) 
Continuing to include the bare mass, m^_barc, we integrate rik to give the total number density of ■0-particles produced 



1 f°° 

d^k Uk - (27rAto)"^ exp {-T:Atlml y^^^^) 



(2' 

= ,0 A3 t;xp -IT — — — . (15) 

The energy density of ip particles when they decay into uj particles is roughly given by = m^^esn^ where the 
effective mass of the tp particles at the decay time is m^,^off — 9^- We have neglected the bare mass of ip because 
if the bare mass is significant compared to then will be negligible due to the exponential suppression. For 
comparison the energy density of the inflaton field if no preheating took place would be p^r = m^a^ /2. Therefore 
preheating is effective if p^p/pcr C'(l)i B^nd the ratio is given by 

Pa 47r3 \mj y 5|cro| J 

5/2 f W~Hlpi \'^"- (_ m|barc ^ 



-2.13,-^^^ J exp^-.---J. (16) 

We see that if tp has a negligible bare mass then preheating is effective for g = 0(1). However if the infiaton fields 
mass is suppressed m ^ 10~^ Mpi then preheating can also be efficient for g 1. It appears to be a coincidence 
that it is for the observationally preferred value of m ~ lO^^Mp; that g ~ 0{1) leads to efficient preheating. This 
constraint on g is dependent on m and the energy transfer is more efficient for m ^ 10~®Mpi, which would correspond 
to the inflaton perturbation ([5]) being smaller than the observed primordial perturbation. 



III. NEARLY SYMMETRIC INFLATION 



In this section we consider the model proposed by Kolb et al. 0. They consider the case with two inflaton fields, 
with similar mass. Assuming the minimum of the potential is at zero, a generic form of the potential near the origin 



i 



^(01,02) 



n2 r 



01 ' 



1 



(17) 



where < x <C 1 is the symmetry breaking parameter. 

The basic idea of Ref. [3| is that the dominant cause of the density perturbations may be due to an inhomogcneous 
reheating process caused by the slight symmetry breaking. The background trajectory in the (pi, (p2 phase plane will be 
nearly radial and passing close but not quite through the origin. There will also be perturbations about this background 
trajectory. Those parallel to the path are adiabatic perturbations p8| : they correspond to time translations and 
will have no effect on the point of closest approach. However the isocurvature perturbations, perpendicular to the 
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trajectory, will affect the closest approach. 

The point of closest approach is of interest, since by an extension of (|15p . assuming an interaction of the type ([1 
and m^^barc = 0, the comoving number density of -0 particles is given by 



(ffl^min 1)3/2 



= ^3 exp 



|2 



mill I 



l-^ii 



(18) 



where \(j>\ = \/ (j)^ + <p2- subscript 'min' refers to quantities calculated at the time when the inflaton reaches its 
minimum value along its trajectory. 
The value of |0| and |0| at tmin are 

|</)„,in| = -^sin(20o), (19) 



|0min| = m^^Jl~xsill^9a. (20) 

As before the subscript refers to the initial values at the start of the preheating phase just after the end of inflation, 
and tan 9 = 4>i/(f>2- 

The function f{9o), which we require to calculate (, see dH]), is defined by 0, 
^ = fi0o)S9o 



-xsin(26'o) 



\ + ^^Ucos{29,) + \xs\n\29,) 



(21) 



Assuming the primordial curvature perturbation is generated from the inflationary isocurvature perturbations, the 
power spectrum of C from ^ and (|2ip is 



Hi, ^ 



n=« / (^o)7'e=a^r(eo)(^^j . (22) 

Requiring that this has the required amplitude to match observations gives a constraint on the four model parameters, 
g,x,m,9o. We can greatly simplify /(f?o) by considering the parameter range that leads to efficient preheating. 
The condition for efficient preheating (c.f. HH)), using p^ - (P0)) is 

/^'A _oiQ 5/2/1 ^„;^^a,2^VifW~^MplY^\_[ 7r3$5x2 sin(20o)' 



2.13g''/Nl "Xsin(6'o)^) ' —] cxp 



Pa ' \ m J y 8m a/1 -xsm{9o)^ J 

= 0{1). (23) 

In order to satisfy this we require a large coupling, 5 > 1, and a;^ sin(26'o)2 < m/Mpi < 10^^, so that there is no 
exponential suppression of the production of ?/; particles. If the symmetry is extremely weakly broken, x < m/Mpi 
then from Eqns. ([9]) and (|21|1 we have C ^ xm/Mpi which is much smaller than observations require. Therefore we 
require gxMpi/m » 1 and f{9o), defined by ((2T|) . simphfies to 

/(^o) = -^3^2 sin(20o) cos(20o) ■ (24) 
Zm 

Substituting this into ((22l) . taking a = 1/4 for definiteness and requiring T'^ = 2 x 10^^ gives a constraint on the 
parameters from the COBE normalisation, 

gx^ sin(26'o) cos(26'o) = 5.06 x 10"'' . (25) 

We substitute this constraint into the exponent of the efficiency of preheating, given by ([^5]) to find that the exponent 
of the exponential is ©(— 100tan(26'o)A/p;/(10^m)). We therefore require |sin(20o)| <C 1 to avoid an exponential 
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suppression of ■0 particles. Substituting the constraint equation (j25p into (j23p we find 

P'A_oiQ 5/2/1 wfl ^2^3/4 /lO-^^/piV^' / 137tan(20o) /10-«M, 



^ = 2.13,^/^ (1 - .sin(eo)^)^^^ ^^^-^ exp - ^ ^^^^ . (26) 

A. Non-Gaussianity 

We can calculate the non-Gaussianity of the primordial curvature perturbation using Eq. If we define x to be 
the angular field perturbations, which generate the primordial curvature perturbation, then we have = (l/|0*|)A^e 
and N^^ = {l/\(j)^.\'^)Nee. From we can identify N = log(n^)/4. Therefore the non-linearity parameter is given by 



INL — -Z — 

6 a 



"■■4> do^ 



\ J 



(27) 



From (fTO|) and we see that the variation of li/iminl with respect to 6 is suppressed by a factor of m compared to 
I '/'mini- Hence the factor in front of the exponential in (jlSp will give a negligible contribution to the non-Gaussianity 
and the calculation simplifies considerably. Working with this approximation, from p^ . (|19p and 

80 m 1 cos(4^o) 

■^^^ " 3^3 $ gx^ sin(40o) ' ^ ' 

Substituting in the constraint (j25p and working in the regime that |sin(20o)| <^ 1, which is required for efficient 
preheating, /jvl simplifies to 



Note that this is the inverse of the exponent of the exponential in ((26|) up to a factor of order unity. |/jvl| is less than 
one except for extremely small | sin(20o)|- Also note that Jnl is negative in this model. 

Our result for /at^ is not the same as the result in [2^. They perform a calculation at leading order in x and find 
that fNL can be large for most values of 9q. However this gives the correct result only when xMpi/m < 1, which 
requires x < 10~^. For the parameter values which lead to efficient reheating and angular perturbations which give 
the dominant contribution to the primordial curvature perturbation this approximation cannot be used. 

To be expficit, from ^ we find (Eq. (11) in jH]), 

(5?T,0 _ 3 (5|(/)inin| ^ 7rg|(/iininP ^|0min| 27rff 1 0min P (^j 0min | ^^^^ 
'^i' 2 |0„i„| |0min| |0min| |0min| I0min| 

and the three terms are respectively ©(a; sin(20o)), 0{gx^ sm^{26o)MpjJrn) and 
0{gx^ sm{29o) coa{29o)Mpi/m). We see that the first term is leading order in an expansion in x and [23| calculates 
the non-Gaussianity arising from this term, but for the parameter range we arc interested in the third term, which 
is the only term when one neglects the variation of |0min| with respect to 6, dominates over both other terms by 
around five orders of magnitude. This is because we have m < 10~^ Mpi and the last term is multiplied by a factor of 
Mpi/m » x~^ > 1 compared to the other two terms. It is the third term of ((30|) that we have used to calculate ([28]). 



B. Parameter constraints 



Because the model has four parameters, three of which are free after taking account of the COBE constraint ([25|) 
it is not easy to plot the allowed parameter range. We will plot the allowed range of g and 9 for a given choice of m. 
The bounds also depend on the theoretical cut-off we put on the parameters. Since we have made an expansion in a; 
and taken the leading order terms in l^minl and |(/)min|j see (|19p and (j20[) . we will require x < 0.1 so that the results 
are accurate to about 10%. For definiteness we require p^/pa > 0.1 as the condition for efficient preheating. 

The minimum possible value of g increases as m is reduced. For m/Mpi = 10~^,10~^ and 10~^ we have from 
(^5)) and (^5]) gmin = 1.6,7.6 and 47 respectively. A value of g 1 is unattractive for theoretical reasons, since 
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FIG. 1: The allowed parameter range of g and \o%^q(&) for m — lO^^A/pi. The rising thick red line is p-4>/ pa ~ 0.1 with larger 
values below this line and the falling thin green line is g9 = 0.00025 which is the COBE constraint for x = 0.1. Values with 
a; < 0.1 lie above this line. The shaded, textured area is the allowed region of parameter space. 

loop corrections to the effective potential are then likely to large. We require m < lO^^A/p; so that the inflationary 
adiabatic perturbations are suppressed. The allowed range of g and 9 is shown in Fig. [1] for m = 10~^Mpi. 

Fig. [T]is for ~ 0, there is a second branch of allowed values at ~ 7r/2, since in both of these regions we have 
I sin(20o)| ^ 1- The allowed region is very similar for the second branch near 6*0 ~ 7r/2 but slightly reduced because 
the term (1 — a;sin(6'o)) is slightly smaller in the branch = 7''/2 and this makes preheating slightly less efficient, see 



The allowed range of 9q is small, approximately we require 0.001 '^Oq 0.01 even for large g. Therefore we require 
a significant fine tuning of the initial conditions so that (j)2 is very small initially. 

Because there is a minimum allowed 9^ ^ 0.001 to satisfy the COBE constraint ([25]) we see from ((29)l that I/atlI < 1 
in the allowed parameter range. Hence the perturbations from this model are quite close to Gaussian. 

Finally we give the spectral index for this model, as calculated in Sec. IV D of [ll| upto second order in slow roll. 



Hence the perturbations are slightly red but very close to scale invariant. Since a; < 1 it is possible for the second-order 
in slow-roll term to dominate over the leading order result. 



In this section we consider a model where the symmetry is strongly broken during inflation, mi 3> m2 in ([6|. 
and the isocurvature perturbations during inflation generate the primordial density perturbation. This model was 
suggested by Matsuda Q. However the motivation in this paper was to look for models with a low energy scale of 
inflation and the models considered in detail either had an additional period of inflation or effects from brane world 
models of inflation. Here we consider the most economical model, with the potential ^ valid from the time of Hubble 
exit of the observable scales till instant preheating. We calculate the constraints on the parameter of this model and 
calculate the non-Gaussianity. 

Assuming that (f>2 ^ 0i, we have V ~ m\(j)\l2 during inflation because mi 3> m2. From the equations of motion in 
the slow roll limit, 3H(j)j + m'j(j)i ~ we can estimate 



(ESI. 



— 1 = — 2a;e cos(26'o) 




(31) 



IV. NON SYMMETRIC INFLATION 




2 



(32) 
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If mi = 10m2 then 02 will only roll 1% of the distance that 4>i rolls during slow-roll inflation. Therefore it is a 
good approximation to treat the background trajectory as straight during inflation with a constant. Because 
the background trajectory is along we can identify the adiabatic perturbation as S<t = S(f>i and the isocurvature 
perturbations 6x = S(f>2- Then the total field velocity is given by (f>i and the minimum distance from the origin of the 
field trajectory is (f>2 = '/>2*, which occurs at the time when = for the first time after inflation ends. Assuming 
that rn^^^^^^ = g'^4>\ < gm^, we have from [3], 

■ exp -TT — - , (33) 



where as before we have used |0i| = toi$, which follows from conservation of energy if wc neglect the expansion of 
the universe during the first half oscillation of the inflaton field. 
The slow-roll parameters for this model are given by 

e = = ... = 0, %x = ^;^^«e, (34) 

and the higher order slow roll parameters are zero in the limit of a straight background trajectory. Throughout this 
paper we use the notation that a is the adiabatic field and x is the isocurvature field [28j . 

Since e ~ 0.008 for this model, if the inflationary isocurvature perturbation is converted into the primordial curvature 
perturbation then at leading order in slow roll we have [35| 

- 1 ~ -2e ~ -0.016. (35) 

Therefore the power spectrum is quite close to scale invariant but not as close as the previous model where the 
potential was nearly symmetric, see (j3ip . 

From ([9]) and ([33|) the primordial curvature perturbation is given by, 

C = -27ra^502 . (36) 

Using = Nml/i&Ti'^), which follows from e = MlJiAn^l) ~ 1/(2A^), and V = SM^iH'^ in the slow-roll limit, 
taking iV = 60 and a = 1/4 for dcfinitcncss (the constraints hardly change if wc instead take a — 1/3), the COBE 
normalisation Vq = 2 x 10~^ gives 



2 = 2.0 X lO-^Mp, . (37) 



„, = (£!iii£)!^!„pf-<,o^Jl5:!)). ,38) 



Substituting this into (j33p wc find 



We can calculate the non-Gaussianity in a similar way to the previous section ITlI Al from ([27)1 and p3|) this gives 

JNL - -z -o- , (.39) 

and substituting in the constraint ([57)1 this simplifies to 

f.L ^ -O.OTsi- (^) . (40) 



Note that again /jvl is negative in this model, and that up to a numerical factor of order unity this is just the inverse 
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FIG. 2: The allowed parameter range of (j)2 and ?ni. The curved red line is pip /pa ~ 0.1 with larger values to the left of 
the curve. The straight thick green lines mark constant values of /jvl as marked on the diagram. The shaded, textured area 
corresponds to the allowed region where all of the constraints are satisfied. The vertical, blue lines mark values of constant g 
as marked in the diagram. 



of the exponent in the exponential of Eq. The WMAP bound that I/nlI < 100 requires 

02 > 7.5 X 10-4 (^) . (41) 

Note that since S(j)2* = 0{H^) ~ ©(mi), the eondition for nearly Gaussian perturbations is equivalent to the require- 
ment S(f>2 ^ 02- 

From (|16|) the efficiency of preheating is given by 

3/" (h:!^^s)"\.xp (-90^,(15:!)). m 

Pa \ mi J \ \ mi J J 

The parameter m2 turns out to be irrelevant, provided it satisfies m2 <SC mi. Therefore we really have a three 
parameter model, mi,g and (j)2 and one constraint relating g and (^2 given by (|37|1 . Therefore there are only two 
free parameters, which we plot in Fig. [2l We see that only a small parameter range is allowed. Roughly, we require 
™i ^ 3 X lQ~^Mpi and (/>2 < 4 x 10~^Mp;. This is consistent with our initial assumption that m\(l)\ ^ m\(f)\. For 
much of the allowed parameter range the non-Gaussianity is significant, Jnl < — 1- 



V. SYMMETRIC INFLATION FOLLOWED BY ASYMMETRIC PREHEATING 

In this section we consider a model with a symmetric potential, m = mi ~ m2 in but unlike in the previous 
two models we break the symmetry during preheating, gi 7^ g2 in ([7]). This section is based on Byrnes and Wands 
Q. Because the parameter constraints for this model have already been calculated in Q we here just summarise the 
results from this model. We will see that this model requires a remarkably similar degree of fine tuning to the initial 
trajectory as the previous two models, even though here the method of breaking the symmetry between the two fields 
is very different from the previous two models considered. 

This model has four parameters, the infiaton mass m, the two coupling constants gi and 52 defined by ([7]) and the 
angle of the background trajectory 9 defined by tan^ = <t'i/4'2- Unlike in the previous two models discussed is a 



In fact the "headline" constraint on Jnl prefers a positive value but the constraint from Minkowski functionals using the same data 
favours a negative /jvl- Here we use an approximate and reasonably conservative bound. In Fig. [2] one can see how the constraint on 
the parameters tighten if one uses a lower bound of /jvz, > — 10 as opposed to /jvl > —100. 
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constant, because the potential is symmetric. 

The formula for the number of ip particles produced during instant preheating, shown in (jlSp . still holds if we 
replace the single field coupling constant g with the eS^ective coupling constant Q 

g\0) = glcos^0 + glsm^0. (43) 

Because the straight background trajectory of this model goes through the origin where V ~ wc can choose 
TO V, bare — 0. Then we have, see (fT5|) 

n^ = ^{g\cro\f' ■ (44) 

The ratio of the energy density of the ip-fie\d to that of the inflaton field at the point when the inflaton would be 
at its maximum after the first explosive creation of particles is p,p/pa ^ 2g^/^(10~^Mpi/m)^/^, see ((T6| . Thus if 
5 > 1 we see that most of the inflaton's energy density is transferred to the preheat field during the first oscillation for 
m ~ 10~^Mpi. This constraint on g is dependent on m and the energy transfer is more efficient for m <C 10~^Mpi, 
which would correspond to the inflaton perturbation ([8]) being smaller than the observed primordial perturbation. 

Assuming the decay products are massive, non-relativistic particles, then the linear metric perturbation ([9]) is given 
by C = (l/3)5n^/n,i,. Thus if the effective coupling, g, is dependent upon the phase of the complex field we have 

^_ FiR,ta^e) 6x ^^j.^ 

2 (T 

where from (j43|) and ((44|) it follows that 

f(i?,tang)^ ^'^"/^^~f ^ and i? ^ ^ . (46) 

We only need to consider the case i? < 1 and Q < 9 < 7r/2, due to the symmetries of this model. The power spectrum 
is then given from = (T^/(3/7r)(m/il/p;)^ and by 

P„„.£!M(J^V. (47) 



127r \Mpi 

Comparing this with Eq. ([8]) we see that either Vq;iso or Vq^iuI can dominate the primordial density perturbation 
depending on the values of R and 9. The asymmetric preheating creates the dominant primordial perturbation if 

F(i?, tan 6*) > 47V ~ 240 . (48) 

From we require R < 1/480 for the isocurvature perturbations to dominate in any range of 9. If i? ^ 1/480 then 
the isocurvature perturbations dominate for 240i?^ < 9 < 1/240, while larger R will have a smaller range of suitable 
9. The range of 9 where isocurvature perturbations dominate will be larger if iV < 60. We require that the inflaton 
trajectory is almost exactly along 01, the field with the smaller coupling constant gi. 

The COBE normalisation that ~ 2 x 10~^ constrains the three free parameters m, R and 9. Perturbations 
produced at preheating from isocurvature field fluctuations are of the required size if 

F{R, tan0) = 200 ( I^L!^^ . (49) 
\ m J 

We can calculate the non-Gaussianity in a similar way to the previous two models, the result is^ 

. _5N90_ 5 (i?2_tan2 0) 
•^"'^-6A^-3(l-i?2) sin' 9 • 

This is of order unity, and hence likely to be unmeasurable, for 9 ^ R, but can become large for smaller 9. For example 
if i? = 10^'^, then the perturbations from asymmetric preheating dominate in the range 0.00026 < 9 < 0.0039 and 



^ Note that we have used the opposite sign convention for /jvi used in in order to be consistent with the WMAP convention. 
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/tvl has its maximum absolute value of 2A at 9 = 0.00026, but is far smaller for most of the allowed range of 9. Unlike 
in the two previous models this model predicts a positive value of f^L ■ 

Finally we comment on the spectral index. At first order in slow roll the spectral index is scale invariant, and to 
second order in slow roll [1] 

- 1 = -^e^ ~ -0.0002. (51) 

This is extremely close to scale invariant and unlikely to be observationally distinguishable. The result is also a special 
case of the first model we considered with a nearly symmetric potential in Sec. IIIII with x — 0. 



VI. CONCLUSION 



We have considered three models for converting the inflationary isocurvature perturbation into the primordial 
curvature perturbation. For two models where the symmetry is broken during inflation 0, Q we have calculated 
the allowed parameter space, subject to the constraints that instant preheating is efficient, that the inflationary 
isocurvature perturbation generates the primordial curvature perturbation and that the amplitude of perturbations 
satisfies the COBE normalisation. For a model where the symmetry is broken during instant preheating we have 
summarised the constraints found in a previous paper for completeness Q . 

It turns out that all of the models require some fine tuning to be effective. We can understand this by considering how 
the total power spectrum is generated. From (j4]) the first term, coming from the inflationary adiabatic perturbations 
are always given by ^ and dN/da = 0{e~^/^). Hence the primordial power spectrum is boosted by a factor 
relative to the inflaton field perturbations. If primordial density perturbations due to isocurvature field perturbations 
are to dominate, then their effect on the expansion history must be boosted by a larger factor. In contrast with the 
inflaton, the amplitude of the density perturbations resulting from orthogonal perturbations is dependent upon the 
physics after inflation. In order for the inflationary isocurvature perturbations to generate the dominant part of the 
primordial curvature perturbation we require 




It turns out to be hard to satisfy this condition except by fine tuning the parameters. We also need to choose 
parameters that lead to efficient preheating, which often means that the coupling must be strong, 5 > 1 and 

that the mass of the ip particles must be small at the time of their creation. Finally there is also the observational 
constraint that the non-Gaussianity must not be too large. 

The parameter constraints are approximately that for the nearly symmetric potential we required 10^* < m/Mpi < 
10^® and strong coupling, (? > 1; for the strongly broken potential we require the mass hierarchy 7712 ^ mi < 3 x 10^® 
and an even stronger coupling, g > 10; and for the non-symmetric reheating model we require a large ratio of the 
coupling constants 31/32 ^ 500. Perhaps more serious than the constraints on the parameters are that for each model 
we require fine tuning of the initial conditions so that the background trajectory lies very close to one of the axes, 
i.e. we require that the initial value of one of the two inflaton flelds (f>i is very small. Unless the broken symmetry of 
the models can play a role in creating these initial conditions the fine tuning is unattractive. 

The size of the isocurvature perturbations in each model is given by 6x = 0{H) = C'(mi), independent of the 
background trajectory. It is only when the background trajectory lies very close to x = that these small perturbations 
correspond to a significant perturbation in the value of Xi i-s. it is only for very small x that 5x/x is non-negligible. 
This is what we require in order to satisfy the inequality (j52p for all of the models we have considered. However we 
can not have a too small value of x because if x = C'((5x) then the non-Gaussianity is very large and this is ruled out 
by observations, see the comment after (|1T1) . 

It is interesting to note that the fine tuning of the initial trajectory to be close to one of the infiaton fields axes is 
also required in several other models in order for them to generate a large non-Gaussianity. Examples include an 
inhomogeneous end of inflation [33, [HI, [l^ and during multiple- field slow- roll inflation [2^ . 

Ultimately, observational data will determine whether the primordial density perturbation has a significant deviation 
from scale-invariance, 71^ — 1 ~ —0.03, as predicted by adiabatic fluctuations in the inflaton field driving chaotic 
inflation. An equally important observable is the amplitude of the primordial gravitational wave background that is 
predicted. The amplitude of gravitational waves is determined directly by the energy scale during inflation and is 
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given by [33| 

Adopting the COBE normalisation for T'^ ~ 2 x 10~^, the primordial tensor-scalar ratio is given by 

Hence we see that the tensor-scalar ratio is reduced if m < lO^^A/pj. Thus if isocurvature field fluctuations contribute 
significantly to the primordial density perturbation the gravitational wave background is much smaller than if the 
density perturbations are due solely to inflaton perturbations (ssl . [3^ . . If the isocurvature perturbations have no 
effect towards generating the primordial curvature perturbation then r = 16e ~ 0.13. If r is this large then the tensor 
background should be detected with the Planck experiment (sH] . 

If the primordial curvature perturbation is generated from the inflationary isocurvature perturbation then the 
spectral index depends on the model of inflation, but in each case it is closer to scale invariance than the curvature 
perturbations during inflation. The model with a non-symmetric potential has the largest deviation from scale 
invariance, as given by (|35p . while the nearly symmetric potential is very close to scale invariance pip , which for the 
allowed parameter range satisfies —0.001 < — 1 < 0. The model with a symmetric potential is closest of all to scale 
invariance, shown by ([STj) . with the tilt being second order in slow-roll parameters — 1 ~ —0.0002. Observationally 
this model is therefore likely to be indistinguishable from a Harrison-Zel'dovich spectrum, r = — 1 = 0. This is 
mildly disfavoured by observations [26| . 

For each model we have also calculated the non-Gaussianity, specifically the bispectrum parameterised by Jnl- 
Only in the model with a non-symmetric potential is I/wlI > 1 for a significant range of the viable parameter range, 
see Fig. O In this model Jnl < so if the hint of a detection of /wl > [IJ is confirmed then this model will be 
ruled out. For the model with a nearly symmetric potential I/tvlI ^ 1 for the entire parameter range, while for the 
model with non symmetric preheating it is possible but not preferred to have fNL > 1- 

If instant preheating is completely efficient then the inflaton flcld will completely decay into ip particles around the 
first time a reaches its minimum after inflation ends and all isocurvature perturbations will be washed out. However 
if the process is less eflBcient then it is possible that a residual fraction of isocurvature perturbations will survive until 
today. The amount will depend on the subsequent reheating processes, but in the limit that the primordial curvature 
perturbation is entirely generated from the inflationary isocurvature perturbations then the primordial curvature and 
isocurvature perturbations will be totally correlated. Constraints on the fraction of isocurvature perturbations in the 
CMB are given in [2^, [H, [H, H^l . However if there is an isocurvature perturbation present after preheating then it 
may affect the subsequent evolution of the primordial curvature perturbation, which is otherwise conserved on large 
scales H m . 
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